PLATES 59 AND 60.
While working with a chick embryo of nineteen days' incubation, my attention was attracted by the brilliant yellow color of the liver. The color was like that o f the adrenal cortex, or the corpus luteum, and this resemblance impelled me to investigate more closely the condition of the liver cells. A small fragment of the liver was teased and examined between the Nicol prisms of a polarizing microscope. The result is illustrated by figure I. With the Nicol prisms uncrossed the field was filled with many small, rather refractile d,roplets (figure I, A ), and these upon crossing the prisms exhibited with great clearness and beauty the phenomenon of double refractivity (figure i, B). Sudan III was now added to the preparation and the droplets gradually stained a vivid yellowish red. It was clear, then, that the liver of the chick embryo of nineteen days incubation contained an abundance of fatty matter of an anisotropic lipoidal nature. This discovery was quite surprising, for as far as I am aware, the occurrence of anisotropic lipoids in the parenchyma cells of the liver has never been described.
Much has been written within recent years concerning the physical and chemical properties of the so called lipoids, and a great deal has been learned in regard to their physiological and pathological occurrences in the body. I need not review even the principal contributions to the subject at this time, for the writings of Adami ( I ) , Lorrain Smith (2), and others in English, and the contributions of numerous German authors, Kaiserling and Orgler (3), Aschoff (4), Bang (5), Kawamura (6), and still others are very *Received for publication, .]'uly 2, I912. b12 recent and readily accessible. I have summarized in another place (7) the results of this work. Surprisingly little of a precise and definite nature has been learned concerning the r61e of the lipoids in metabolism. The human adrenal cortex has long been known to contain lipoidal substances in abundance, but although their occurrence is now recognized as normal and not due to "fatty degeneration," no satisfactory explanation of their function has been advanced. Lipoids are present, in interesting qualitative and quantitative variations, in the :adrenal cortex of most, if not all animals and there can be no doubt that they subserve a definite metabolic function. They are likewise constantly found in the corpus luteum cells, in the interstitial cells of the testes, in the thymus during regression, and frequently in the hypophysis. The abundance of lipoids in the ovary during pregnancy, a condition most strikingly exhibited for example by the pregnant rabbit, suggests some interrelation between the adrenal cortex and the ovary, possibly of a compensatory functional nature.
The occurrence in such abundance of anisotropic lipoids in the developing chick liver indicated a participation in some way of these substances in the metabolism of the embryo chick, and with the hope that the solving of this problem would perhaps throw some light upon the question of lipoidal metabolism in general, I undertook an investigation of the fats of the embryo chick liver from the earliest days of incubation to the time of hatching. The period of incubation of the chick is twenty-one days, and several livers from the sixth day on have been studied,
PHYSICAL AND CHEMICAL PROPERTIES OF THE FATS OF THE

DEVELOPING
CHICK LIVER.
As the liver of the chick embryo increases in size, it gradually assumes more and more the color of the yolk. Material derived from the yolk is gradually stored within the liver, and this material is largely of a fatty nature. The liver cells of the six day chick embryo contain numerous small fatty globules, which under the polarizing microscope are isotropic. This condition persists, the fat globules gradually increasing in size and number, until about the fourteenth day of incubation, when many of the fat globules begin to show the phenomenon of double refractivity, or anisotropism. .At first not all the droplets within the liver cells exhibit the dark maltese cross and four bright sectors which characterize the state of anisotropism; some droplets remain isotropic, wh~ie others show but the faintest indication of anisotropism. During the fifteenth and sixteenth days, however, all the numerous fat droplets within the liver become doubly refractive, until on the sew enteenth day the brilliant picture illustrated by figure z is obtained. A section of the liver of a chick at the time of hatching (figure 2) shows the presence of many vacuoles, due to fat droplets, in the cells of the liver.
It is obvious, then, that the fat present in the chick liver during the first two weeks of incubation gradually undergoes changes in physical properties during the third week.
Similar changes in the physical characters of fatty globules have not been observed before, and it will therefore be important to follow the chemical changes which accompany this alteration of the physical state of the fat droplets. The several additions of the past few years to the microchemical methods for the differentiation of fatty substances are of great aid in such a study. They permit of a fairly accurate and rapid orientation, and while they in no wise replace chemical analyses, the latter are with difficulty applicable to most pathological studies. I have chosen, therefore, to apply at first to the study of the fats of the chick liver microchemical methods which are easily available. To this end small pieces of liver were teased into thin layers upon cover glasses and treated by the following methods: (I) Sudan III (saturated solution in 80 per cent. alcohol) ; (2) Nile blue sulphate (saturated aqueous solution) ; (3) neutral red (strong aqueous solution) ; (4) Smith's stain (8) as modified by Dietrich (9) ;1 (5) Ciaccio's stain; ~ (6) Fischler's 1 Two days in a saturated aqueous solution of potassium bichromate at 37 ° C. ; wash thoroughly in frequent chanKes of distilled water for twenty-four hours; stain for twelve hours in Kulschitsky's hematoxylin; wash and differentiate for twelve hours in Weigert's borax-potassium-ferricyanide solution; wash thoroughly and mount in levulose.
Fix for two days in Ciaccio's mixture; seven days in potassium bichromate 3 per cent.; wash thoroughly for twenty-four hours; twenty-four hours in 95 per cent. alcohol; two hours in absolute alcohol; one hour in xylol; pass back through successive alcohols to Sudan III for one hour; mount in levulose.
method for the demonstration of fatty acids and soaps. Both the original method and Klotz's modification have been used. In addition, the polarizing microscope has been constantly employed, and the chemical tests of Salkowski and Golodetz for cholesterol have been used. Kawamura (6) has recently applied these methods to the comparative study of various types of fats, and I refer the reader to his monograph for the many details. His results, while continuing and elaborating the work of others, have shown that by the methods described, neutral fats, cholesterol esters, 'and.' phosphorized fats may 'be differentiated with remarkable accuracy.
The results of the study of the livers of fifty chick embryos by the methods just described may be stated briefly in tabular form.
It is clear from these reactions that the fat present in the chick liver up to the fourteenth day of incubation is not pure neutral fat, nor does it contain fatty acids or soaps in demonstrable amounts. Stained by Smith's method, which is essentially an application of Weigert's myelin-sheath stain, the fat droplets are colored bluish black with hematoxylin. Neutral fats and pure cholesterol esters do not stain by Smith's method (Smith, Kawamura, Aschoff), whereas phosphorized fats and various mixtures of these with other lipoids are readily stained by this procedure. The positive staining of the fat droplets in the liver before the fourteenth day, when treated by Ciaccio's method, is further indication of the phosphatid nature of the fat, Neutral fats and cholesterol esters react negatively to this stain.
I have concluded, therefore, that the fat in the chick liver during the first two weeks of incubation represents a mixture of lipoids in which phosphorized fats predominate. This conclusion is strongly supported by conditions in the yolk membrane to be described presently, and by certain chemical analyses which will be detailed later. From the fourteenth day on, the fat droplets in the liver gradually change in their microchemical reactions, and at the same time become anisotropic. The droplets in livers studied on successive d'ays of incubation gradually cease to stain by Smith's method. On the twenty-first day they stain faintly gray, whereas five to six days after hatching the fat present in the liver does not stain at all by Smith's method. Ciaccio's stain is likewise negative during the last week of incubation and after hatching. These droplets then correspond in their reactions very exactly to the properties characteristic of the esters of cholesterol (Kawamura, Aschoff).
They exhibit, furthermore, other characteristics of cholesterol esters. If they are warmed to about 4 °0 C. they become isotropic, and this represents their constant clearing point. Upon cooling they again assume the fluid crystalline, anisotropic phase. Cholesterol esters, or mixtures in which these predominate, differ from ~ other anisotropic lipoids in the ease with which they are converted by gentle warming from the anisotropic to the isotropic condition. They are heat labile, whereas other anisotropic lipoids, as we shall~ presently see upon considering the yolk membrane, are heat stabile.
The esters of cholesterol, as is well known, are much more re--sistant to autolysis than are other fats, and the anisotropic fat droplets so abundantly present in the chick liver are found to be extremely resistant to autolytic changes. They retain their aniso-. tropic form for about ten days when autolyzed at 37 ° C., and then, gradually change to solid crystals which are long and needle-like with blunt ends. On heating these crystals to about 5 °0 C. they melt, and on cooling, many assume again the fluid crystalline, anisotropic phase. Some splitting of the fatty substance does: occur, however, during autolysis, with the formation of pearly ~ white, rhomboid, notched, plate-like crystals. These give the sulphuric acid and Golodetz reactions for cholesterol. When fixed il~, formol many of the anisotropic droplets assume a solid crystalline form.
From the evidence that has been brought forward I think it justifiable to conclude that the transformation in the character of the fat droplets of the chick liver, which begins about the fourteenth day of incubation, represents a change from a lipoidal mixture, composed largely of phosphatids, to almost pure esters of cholesterol.
RELATION OF THE CHANGES DESCRIBED IN THE FATS OF THE LIVER TO OTHER METABOLIC PROCESSES.
Questions arise as to the significance of this remarkable altera--. tion in the character of the fat of the chick liver, and as to the meta ..... bolic process with which it is associated. I regard the change as intimately associated with the process of calcification. There is chemical evidence in existence which strongly supports this view, and the impartial origin and careful nature of this evidence increases its value.
The composition of egg-yolk is as follows: Plimmer and Scott (IO) have studied the transformations in the phosphorus compounds in the hen's egg during development. They find only a trace of inorganic phosphates present in the unincubated egg, whereas 6o per cent. of the phosphorus present in .the hatched chick is in the form of inorganic phosphates. On the other hand, of the total phosphorus of the unincubated egg, 64 per cent. is in an organic, ether-soluble form (lecithin), whereas only 2o per cent. of the total phosphorus of the hatched chick is soluble in ether. Vitellin, a phosphorus proteid compound present in the yolk, was found to contain 27 per cent. of the phosphorus of the fresh egg, and this substance disappeared completely during incubation. It is obvious then, that the phosphorus which is used by the chick in the process of calcification must be derived from organic phosphorus compounds. Plimmer and Scott found that the phosphoprotein, vitellin, was removed from the yolk in large part during the first two weeks of incubation, whereas the phosphorized fats of the yolk disappeared rapidly only after the thirteenth day of incubation. They concluded that the glycerophosphoric acid present in the yolk in combination with fat gives rise to inorganic phosphate in the developing chicken, and is not transformed into any combination with protein.
The transformation of the phosphorus of the hen's egg from an organic into an inorganic state takes place, as shown by Plimmer and Scott, between the thirteenth and the twenty-first days of incubation. This is exactly the period of calcification of the chick embryo, and it is during this same period that the striking physical and chemical changes which have been described occur in the fats of the chick liver. We are now in a position, I think, to suggest an explanation of these changes. The phosphorized fats or phosphatids of egg-yolk which, as we have seen, contain practically all the phosphoric acid used by the embryo in calcification, are present in the form of lecithin, or very similar bodies. The phosphorized fats are absorbed gradually by the yolk membrane and are carried to the liver, together with neutral fats, cholesterol, vitellin, etc. To render the phosphoric acid of the lecithin molecule available for calcification, it is split off, probably in the form of glycerophosphoric acid, and carried by the blood from the liver to the tissues which are to be calcified. Here the glyceryl radicle is replaced by calcium, with the deposition of calcium phosphate. The final deposition of inorganic phosphates and carbonates is what most writers regard as calcification. That this is an erroneous conception of the process of calcification is perfectly obvious from what has just been said. Surely the chemical changes which precede the deposition of inorganic phosphates are as essentially parts of the process of calcification as the terminal deposition itself.
The splitting off of glycerophosphoric acid from the lecithin molecule would free two fatty acid radicles, and these might be esterfied in part by the cholesterol present. This would explain the gradual appearance of cholesterol esters in the liver cells during the time that the phosphorized fat is disappearing.
I have no evidence bearing upon the fate of the cholin or other bases which form a part of phosphatic molecules.
The anisotropic lipoid droplets (cholesterol esters) gradually disappear from the liver after hatching, but even after fifteen days they are still abundant. They are not present in the liver of the adult chicken. It is worthy of note at this point that the adrenal cortex and gonads of the chick contain anisotropic lipoids in abundance.
YOLK :MEMBRANE DURING INCUBATION.
The yolk membrane of the developing chick is roughly analogous to the fetal placenta. It surrounds the yolk when fully developed and the many highly colored vascular folds and processes into which its inner surface is thrown extend downward into the semifluid yolk. The cells forming the lining of the yolk membrane (figure 3), as seen in paraffin sections, are columnar, with the nucleus at the base, and the cytoplasm is scant and foamy. This vacuolated condition of the cytoplasm is due to the dissolving out of fat droplets. If a small piece of yolk membrane be examined with the polarizing microscope previous to the time of hatching, the large lining cells are seen to be loaded with droplets of various sizes, many of which are anisotropic. These anisotropic globules have characteristics which sharply distinguish them, however, from those which appear during the last week of incubation in the liver. The anisotropic globules in the cells of the yolk membrane do not lose their anisotropism when heated even as high as to 9 °0 C., whereas the globules in the liver become isotropic above 4 °0 C. They stain with neutral red, and many of them form irregular myelin figures upon the addition of water. Nile blue sulphate stains them blue. In short, the fat globules in the cells of the yolk membrane react in every way like phosphatids, and not at all like cholesterol esters.
At the time of hatching, the yolk-sac is within the abdominal cavity of the chick. An investigation made at this time of the cells lining the yolk membrane shows that they still contain abundant fat globules but these no longer exhibit the reactions of phosphatids, but now react like cholesterol esters. They are identical in their properties with the globules so abundantly present in the liver at this time. The explanation offered of the transformations which occur in the fats in the liver applies likewise to the yolk membrane after hatching. It would seem that the extraordinary demand for phosphoric acid on the part of the chick leads to a rapid exhaustion of the phosphorized fats of the yolk, and that finally the yolk membrane, like the liver, takes part in the splitting of the phosphatids absorbed from the yolk.
CALCIFICATION IN GENERAL.
The phosphoric acid used by the chick embryo in the process of calcification is derived, as we have seen, from organic phosphorus compounds, and the evidence indicates that these compounds are phosphorized lipoids. The phosphatids of the yolk are carried to the liver, and here the phosphoric acid is split off and thus rendered available for calcification. Any explanation of the process of calcification which fails to take these facts into consideration must be regarded as inadequate.
Despite the voluminous literature upon physiological and pathological calcification, there exists at present no satisfactory explanation of the process. Wells (I I) has reviewed the subject, presenting the extensive work of his own laboratory upon calcification, and analyzing the work of other investigators. Analyses of bone, and of areas of pathological calcification, show that in both instances the inorganic salts present are practically identical, qualitatively and quantitatively. From this, and from the morphological similarity of the matrices of all calcified material, Wells concludes that physiological and pathological calcification are essentially identical processes, and subject to the same explanation. He regards the process of calcification as a deposition or precipitation, according to physical chemical laws, of calcium salts derived from the blood into a properly prepared matrixi which for some unknown reason possesses a selective affinity for calcium salts. He leaves out of account all chemical reactions whatsoever, basing his explanation upon physical chemical processes.
It will be seen at once that this explanation of calcification takes into account only the terminal phase of the process. It is based on the view that the actual deposition of lime salts into a matrix constitutes the process of calcification. In the strictest sense this is perhaps correct, but the conception seems to me too narrow. In the chick, for example, it would exclude the phosphorized fats from any participation whatsoever in the process of calcification.
Our conception of the process of calcification must be broadened rather than narrowed, it seems to me, if we are to understand it correctly. It is possible that both chemical and physical chemical phenomena are factors in the process, and I shall attempt to show that the physical chemical explanation of calcification, as conceived by Wells, is not necessarily antagonistic to the presence of a purely chemical phase in the process.
We have considered in some detail the process of physiological calcification in the chick, but before attempting any generalization from the evidence acquired from this source, it will be necessary to consider the phenomenon of pathological calcification; for, as Wells clearly points out, physiological and pathological calcification are so nearly identical in the result as to render it probable that the same basic process is accountable for both.
The intima of the aorta is the most frequent site of extensive pathological calcification in man. Atherosclerotic areas in the intima contain various forms of fat; neutral fats, phosphorized fats (lecithin), and' anisotropic cholesterol esters are constantly found, and crystals of pure cholesterol are usually present. Soaps are present only in traces. Several investigators have analyzed atherosclerotic aortas for one or several substances, usually for calcium salts, but I have been unable to find a single instance of a complete analysis of both the inorganic salts and the fats. A comparison, however, of the analyses of different observers yields a fairly accurate picture, the one supplementing the other.
Baldauf (12) studied the fats and calcium salts present in a series of three normal and six atherosclerotic aortas. He says:
"It is seen that the fatty acids and lecithin are present in greatest amount in the atheromatous aortas without gross evidence of calcification, and as the calcium content increases they rapidly diminish in amount"; and he concludes that "the remarkably high percentage of lecithin in the initial stage of calcification and the fact that with increasing calcium content there occurs a coincident diminution in the percentage of lecithin has led us to suspect that the phosphate radicle may be supplied from a decomposition of lecithin."
Unfortunately, no determinations of free cholesterol and cholesterol esters were made by Baldauf; but Windaus (I3), using his very accurate digitonin method, has investigated, at the instance of Aschoff, the free and combined cholesterol present in normal and atherosclerotic aortas. He established the important fact that in atherosclerotic aortas there is a true infiltration of cholesterol and cholesterol esters.
Gazert (I4) has made very extensive studies of the calcium content of the aorta in atherosclerosis, but unfortunately he simply extracted the fats with ether, and did not analyze them. This work has been confirmed by Selig (I5). Gazert found that both calcium and fat increased in amount during the early stages of atherosclerosis, whereas in more advanced stages the calcium increased greatly while the fats decreased. He says: "Das Absinken des Fettgehaltes und das Ansteigen des Kalkgehaltes in der Trockensubstanz bei dem spiiteren Verlaufe der Atheromatose ist so stark, dass es den Eindruck macht, als wfirde Fett nicht nur in verminderter Menge, oder gar nicht mehr abgelagert, sondern als verschwiinde sogar Fett von den am stS.rksten erkrankten Stellen."
In reviewing the results of the work of Baldauf, Windaus, Gazert, and Selig, several facts of importance come to light, despite the fragmentary and unsatisfactory nature of their contributions considered from the standpoint of calcification. In atherosclerosis of the aorta, neutral fats, phosphorized fats (lecithin), and free and combined cholesterol are present in markedly increased amounts. As calcification progresses these substances gradually disappear. This apparent relationship between the fats and calcium salts in atherosclerotic aortas was noted by both Gazert and Selig, but they advance no explanation. Baldauf, however, suggests that the phosphoric acid of aortic calcification is derived in part, if not wholly, from the phosphatids.
There can be no doubt that phosphorized fats may readily furnish phosphoric acid for calcification; the process of calcifieatioh in the chick embryo proves this conclusively. One possible objection to Baldauf's hypothesis arises, however; namely, whether the amount of phosphorized fat present in the atherosclerotic aorta is large enough to furnish sufficient phosphoric acid to account for the amount of calcium phosphate present in aortic calcification. This would be a difficult question to solve even if accurate and complete quantitative analysis were available. For we must re' member that the fatty substances present in the atherosclerotic aorta represent in large part in, filtrations from the blood into diseased areas, and are not derived in any considerable quantity from tissue degeneration. The cholesterol determinations of Windaus illus-trate well this point. Hence it is impossible to say from an analysis of an atherosclerotic aorta whether or not the phosphorized fats are capable of furnishing sufficient phosphoric acid to account for the calcium phosphate of calcification. We can only examine one stage of a process whose several factors must be constantly changing. Granting for the moment that the phosphoric acid of calcification does come from phosphorized fats, we see at once that the splitting of such fats with the formation of calcium phosphate might continue at the same time that more phosphorized fats were infiltrating from the blood. An analysis of the embryo chick liver at any one stage would reveal only a small part of the phosphorized fat available within the yolk for calcification, and the error which is here obvious is likewise present in all probability in analyses of the atherosclerotic aorta.
There is a very striking qualitative resemblance, moreover, between the various kinds of fats present in the developing chick liver and in atherosclerosis. All the factors of the process of calcification as traced in the embryo chick are present in the atherosclerotic aorta, and since we know that phosphorized fats do furnish phosphoric acid for calcification in the one instance of physiological calcification where the entire process has been studied, I am the more inclined to believe that in pathological calcification, as represented by the calcifying aorta, the process is essentially the same as in the physiological calcification of the chick embryo. The evidence, however, is suggestive rather than conclusive, and more work will be required to test thoroughly the hypothesis.
The explanation advanced in this paper of one phase of the process of calcification does not offer a solution of the question as to why certain tissues normally calcify. The same may be said, however, of all other attempts to explain physiological calcification. In this communication I have attempted to point out that physiological calcification can not be regarded as a purely physical chemical process. As has been said before, there may be two phases in the process, one chemical, in which the elements of calcium salts are elaborated, and a second, possibly physical chemical, during which they are precipitated or deposited as salts in a matrix. Thus in physiological calcification in the chick, the liver acts in an in-termediate metabolic capacity, whereas in pathological calcification essentially the same process may take place in situ.
The occurrence of anisotropic lipoids in the liver of the embryo chick is not an isolated phenomenon associated with the peculiar nutritional conditions of the egg, as might be suspected. The liver of the fetal dog and the puppy after birth contains a large quantity of anisotropic lipoid substance. I have not found such substances in the liver of the fetal pig in any of the stages of development that I have examined.
The entire subject of lipoid metabolism offers an inviting field for investigation, and here, as in so many oth.er problems, a study of the embryological conditions promises to lead us to the truth. Many hypothetical functions have been ascribed to the lipoidal substances, but the demonstration of their close association with the process of calcification gives to them a hitherto unsuspected importance in the body's metabolism. The relationship of the adrenal cortex to calcification in the adult demands investigation, and the occurrence of lipoids in the ovary during pregnancy suggests a relationship to the fetal metabolism of lipoids.
CONCLUSIONS.
The liver of the embryo chick during the first two weeks of development contains an abundance of isotropic fatty globules which represent a mixture of lipoids in which phosphorized fats predominate.
During the third week of incubation the fatty globules in the liver change their physical and chemical characters. They become anisotropic and exhibit the reactions and properties of esters of cholesterol. The phosphorized fats gradually disappear from the liver during the third week, The phosphoric acid utilized by the embryo chick in calcification is derived from phosphorized fats. It is suggested that the phosphorized fats are split in the liver, the glycerophosphoric acid portion being liberated for calcification, while the free fatty acids are esterfied by cholesterol.
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